A new percutaneous annuloplasty technique for mitral regurgitation is proposed here. In this technique, inter-related anchors are first inserted around the annulus via a transseptal catheter. The tethered wire passed through the anchors is then pulled to shrink the annulus and stop regurgitation. The anchors should withstand large deformation, applied during the delivery process, and should recover their original shape after being released inside the tissue. The shape of the anchors is, thus, optimized in an iterative process, to avoid stress concentration by minimizing the weighted rms value of the curvature along the anchor. The weight coefficients in each iteration are defined based on the stress distribution of the anchor obtained in the previous iteration. The procedure finally results in a structurally optimum anchor with a minimum in the maximum von Mises stress. This anchor is fabricated from Nitinol and tested in a cadaveric swine heart.
Introduction
Mitral regurgitation (MR) is a valvular heart disease in which the valve does not close completely during the contraction phase and, therefore, blood leaks backward from the left ventricle to the left atrium. If left untreated, MR leads to irreversible heart damage, cardiac arrythmia and congestive heart failure [1] . Currently, the clinical treatment of MR requires open-heart surgery with cardiopulmonary bypass, which prevents high-risk patients from undergoing the repair. Hence, the motivation to develop alternative procedures such as minimally invasive percutaneous interventions, which would greatly increase the number of potential candidates for repair and significantly decrease the risk associated with conventional surgery.
In the percutaneous annuloplasty technique that is proposed here, interrelated anchors are first inserted around the annulus using a flexible catheter, as shown in Fig. 1 . Similar to the pursestring effect, the flexible tethered wire in the anchors is then tightened to reduce the annulus lumen, and hence, stop regurgitation [2, 3] . The anchors are individually inserted into the proximal end of the delivery system, outside the body, and fed by means of a push-rod to the needle mounted on the distal end (the catheter tip). The distal end, previously maneuvered to the left atrium, freely rotates and is properly orientated for insertion of the anchor. By fixing the catheter tip to the atrium wall, the needle exits and pierces the tissue. The anchor is then pushed to be released into the annulus and grasp the tissue.
The anchors replace the surgeon's suturing and eliminate the knot-tying process required in open-heart annuloplasty. Until now, three different types of implants have been introduced to replace sutures in percutaneous and minimally invasive operations: barbed sutures, surgical staples, and self-closing clips [4] [5] [6] [7] [8] . Barbed sutures are a type of knotless surgical thread supplied with directional projections or barbs along their lengths to anchor the surrounding tissue [9, 10] . Surgical staples and self-closing clips are both metallic implants that require special instruments for their insertion and are mainly developed to replace sutures in endoscopic and laparoscopic operations [11] [12] [13] [14] . The high pulling forces required to shrink the mitral valve, the limited accessibility in the percutaneous interventions, and the special geometry of the atrium inner wall prevent the use of currently available implants and call for the design of a new anchor for the percutaneous technique proposed here. The new self-deformable hook-shape implant shown in Fig. 2 is, therefore, proposed for the catheterbased operation. The arms are compressed to be fitted into the catheter lumen during the delivery process and open to grasp the annulus when released into the tissue. The design of this anchor, based on a shape optimization algorithm, is reported in this work.
Anchor Design
According to our preliminary experiments conducted on a harvested veal heart [2] , the anchor shown in Fig. 2 with the dimensions given in Eq. (1) can resist the wire pull applied to shrink the mitral valve, without tearing the tissue
Similar to other self-deformable implants, Nitinol is used to build the anchor. Nitinol is an engineering material well-known in the medical industry for its super-elasticity. The Nitinol super-elastic (a.k.a., pseudoelastic) stress-strain relation is shown in Fig. 3 , where r
f and e L are the parameters required in the Nitinol super-elastic constitutive relation [15] . At low stress levels, the stress-strain relation is linear. Upon further loading, the material undergoes a stress-induced martensite transformationfrom the austenitic phase to the martensitic phase. During this transformation, large strains are induced in the material, with a plateau section appearing in the stress-strain relation. This relation continues until a second linear path is encountered, with the material completely in the martensite phase. A reverse transformation, from the martensite to the austenite phase, occurs with an offset during the unloading process.
The finite element analysis (FEA) of the anchor, when inserted inside the 3-mm needle bore, shows that the maximum von Mises stress and strain are, respectively, 514 MPa and 5.45%. Although Nitinol is a super-elastic material, which, by phase transformation, can withstand up to 8% elastic strain, some residual strain remains in the material if it undergoes a higher-than-5% strain. Hence, shape optimization to avoid stress concentration along the anchor is required to guarantee complete anchor re-opening after insertion into the tissue.
Shape Optimization
In mechanical design, geometric primitives such as lines and circles are normally chosen to build mechanical structures. However, when the structure undergoes relatively high deformations, these shapes are not the most suitable ones. Stress concentration, which usually occurs at the blending points of geometric primitives as a result of curvature discontinuity, causes dramatic jumps in the stress values and may lead to the mechanical failure of the structure [16] . Stress concentration can be alleviated by a systematic shape synthesis of the structure midcurve 2 to obtain a G 2 -continuous curve-a curve with continuous tangent and curvature-with a curvature distribution of minimum rms value, as proposed in Ref. [17] . Shape optimization for the problem at hand is defined as: Given two end-points A and B of the curve segment shown in Fig. 4 , find a mid-curve C that connects the endpoints as smoothly as possible with G 2 -continuity under given end conditions. This is a geometric concept, not to be confused with the neutral axis of beams. 3 Because of symmetry, only one half of the anchor, part A to B of Fig. 2 , is considered.
Problem Formulation.
By parameterizing the anchor mid-curve C by means of the arc length s along the anchor, the optimization problem can be formulated as
where ffiffi ffi J p is the rms value of the curvature of the anchor midcurve C, L is the half length of the anchor, A is the anchor mid-point, B is the anchor end point, and ds is the arc length differential along the anchor, starting from 0 at point A ( Fig. 4(a) ). This problem is subjected to six constraints: four endpoint constraints determine the tangent and the curvature of the anchor mid-curve at points A and B, while the other two determine the length and width of the anchor. At point A, the anchor mid-curve tangent is perpendicular to the pulling direction of the tethered wire, with its curvature being assigned equal to the curvature of the needle bore. At point B, on the contrary, the tangents should be parallel to the pulling direction and the curvature is prescribed as zero. These boundary constraints are formulated as
where R is the radius of the needle bore and d is the diameter of the anchor wire shown in Fig. 2 ; t A and t B are the unit vectors tangent to the curve at points A and B, pointing in the direction of increasing s, and e is a unit vector indicating the pulling direction of the wire, as shown in Fig. 4(b) . In Eq. (3), B À indicates that the tangent and the curvature at point B are defined just before reaching B, i.e., at s ¼ L À . In addition to the end point constraints, the dimensions of the anchor are assumed equal to the dimensions of the simple-shape anchor previously analyzed. That is
with r, L, and d being indicated in Fig. 2 , using the dimensions displayed in Eq. (1), while d x and d y are shown in Fig. 4(b) . The optimization task defined here is a classical problem in the calculus of variations [18] . According to the fundamental lemma of the calculus of variations, Eq. (2) should satisfy a Euler-Lagrange partial differential equation. However, to find a numerical solution, discretization by means of nonparametric cubic splines can be directly applied to reformulate the preceding problem as one of mathematical programming [19] . To this end, n þ 2 supporting points (SP) fP k g nþ1 0 are defined along the anchor mid-curve. The kth point has Cartesian coordinates P k (x k ,y k ). A sketch of the curve segment C is shown in Fig. 4(a) . Point P denotes a generic point of the curve. In polar coordinates, the spline SPs are defined by
and define h k ¼ h A þ kDh. Furthermore, if we let q(h) be a cubic polynomial between two consecutive supporting points, P k (q k , h k ) and P kþ1 (q kþ1 , h kþ1 ), then we have 
where q 0 k and q 00 k denote the first and second derivatives of the cubic polynomials q(h) at the kth SP (h ¼ h k ).
The G 2 -continuity imposes linear relationships between q and q 00 and between q and q 0 , namely
with A, C, P, and Q defined in the Appendix. Furthermore, q 0 ¼ q A and q nþ1 ¼ q B are known. Now, let x be the vector of design variables, defined as
Hence, the discretized shape optimization problem is formulated as
where w k is the weight coefficient, defined at the kth SP, as presently described. Furthermore, the curvature j k at point P k is
which can attain positive or negative values. Both are equally penalized by the quadratic objective function z(x) in Eq. (10) .
Using the discretized objective function of Eq. (10) and the constraint equations (3) and (4), the problem is formulated as a mathematical program [19] . The orthogonal decomposition algorithm is applied to solve this problem using the ODA package [20] .
3.1.1 The Geometrically Optimum Shape. By assuming all the weight coefficients equal to 1/n and solving the foregoing optimization problem, a geometrically optimum mid-curve is obtained. This curve is so called because it was obtained with all the weights w k equal. The G 2 -continuity reduces the stress and strain values along the anchor, with the result of increasing the fatigue life of the structure. However, the stress values can be further reduced, within an iterative procedure. At each iteration, a shape optimization problem similar to the one previously formulated is solved but with nonuniform weights, the anchor thus resulting is structurally analyzed using FEA, with its von Mises stress distribution being used to determine the weight coefficients w k for the next iteration. The geometrically optimum mid-curve with equal weights can be considered as the first iteration.
The Structurally Optimum Shape.
The weights introduced in Eq. (10) are defined at the spline SPs. Each SP defines a cross-section of the anchor. The weight at the kth supporting point is, thus
where r T and r k are the rms value of the von Mises stress distribution over the whole anchor and over the kth cross-section, respectively. The strain energy of a mechanical structure is linearly related to the rms value of its stress-deviator tensor. In particular, the rms value of the von Mises stress is proportional to the distortion part of the strain energy. It is known from static failure theory [21] that failure occurs when the distortion component of the strain energy is greater than its yield-stress value. Hence, the weight coefficients indicate how far a cross-section is from failure.
Finite Element Model (FEM).
The geometrical model of the anchor is generated in ANSYS 12.1 from the optimum midcurve obtained in each iteration. The anchor is meshed by 20-node hexahedron Solid186 elements using the sweep mesh method. A mesh sensitivity analysis is conducted to specify the optimum number of elements for the FEA. The maximum von Mises stress in the simple anchor is plotted versus the number of elements in Fig. 5 . Apparently, if the number of elements is selected beyond 15,000, the maximum stress value does not significantly change.
The total number of elements varies between 16,092 and 28,836, the total number of nodes between 69,909 and 125,369, and the aspect ratio of the elements is less than 5 at all iterations. While the model is totally fixed at point A, an in-plane displacement of 2r and an out-of-plane displacement of d are applied at point B. The anchor final configuration is shown in Fig. 6 . 4 ANSYS [22] has a built-in shape memory alloy material model, proposed by Auricchio [23] , for shape memory and super-elastic materials. The parameters of this model were found, tested, and compared with the experimental data for super-elastic Nitinol in Refs. [24, 25] . The material properties of the Nitinol wire used to build the anchor are shown in Table 1 .
In the FEA, stress and strain are determined at the integration points of the elements and then extrapolated to the nodal locations. These discrete nodal stress values are used to define r T as
where r i is the von Mises stress at the ith node and m is the total number of nodes defined in the FE model. On the contrary, since the FE nodes are independently defined by the FE software, the To model the anchor in ANSYS, its mid-curve C is rotated À90 around the x axis. The XZ plane is, therefore, the plane of C in Figs. 6, 8, and 9. kth cross-section does not necessarily contain any node. In this vein, r k is computed using the l k nodes closest to the kth crosssection, as described next
in which r ki is the von Mises stress at the ith node closest to the kth cross-section and l k is 2% of the total FE nodes closest to the kth cross-section. Given the density of the mesh used here, 2% of the nodes are considered sufficient. Increasing l k evens the weight coefficients in each iteration and reduces the effect of the stress concentration in the structurally optimum mid-curve. The iterative algorithm is stopped when the reduction in the maximum stress value is smaller than 0.1 MPa.
Results
Eight iterations were conducted to reach the structurally optimum mid-curve. The evolution of the maximum von Mises stress and strain versus iteration number is shown in Fig. 7 . The maximum stress value significantly decreases in the first iteration, the geometrical optimization, and remains almost constant during the next iterations. The maximum strain value, however, shows a more uniform reduction throughout all iterations. The von Mises stress and strain distributions of the geometrically and structurally optimum anchors are shown in Figs. 8 and 9 , respectively. Apparently, the maximum von Mises stress is reduced by 13.4% during the geometrical optimization and by 1.3% during the structural optimization, while the maximum von Mises strain is reduced by 4.8% and 7.5% during the same processes.
Discussion
The geometrically and structurally optimum mid-curves are compared in Fig. 10 with the mid-curve of the simple-shape anchor introduced in Sec. 2. The optimum mid-curves are smoother than the simple-shape mid-curve near the axis of symmetry of the anchor (Fig. 10 ). This shows that point A, located on the symmetry line of the simple-shape anchor shown in Fig. 2 , is a critical point with a maximum stress value. Other points with smaller curvature values on the corresponding optimum midcurve are the connecting points of the geometric primitives used to produce the simple-shape anchor. This confirms that curvature discontinuity in a mechanical structure leads to stress concentration and, hence, it can result in the mechanical failure of the structure.
The geometrically optimum anchor, in comparison with the simple-shape anchor, shows a large reduction in stress, with no significant reduction in strain. On the contrary, the structurally optimum anchor shows a significant reduction in strain while the stress reduction is negligible. This can be explained by the Nitinol stress-strain relation shown in Fig. 3 . Since the stress state at the critical point 5 of the simple-shape anchor lies beyond the plateau part of the stress-strain relation, the stress reduction during the geometric iteration, i.e., the first iteration with all weight coefficients equal to unity, is significant. In the iterations that follow, The critical point is that with maximum von Mises stress and strain.
the stress state at the critical point lies in the plateau part of the curve, thus resulting in a significant strain reduction.
To experimentally verify the concept, the anchor was prototyped by heating the Nitinol wire to 700 C for 5 min and quenching it with 15 C water. During the heating and quenching process, the wire was kept in the desired optimum shape using a simple fixture. To replicate the percutaneous procedure, as described in Sec. 1, the fabricated anchor was shrunk into a flexible catheterlike tube and, while the tube was inserted into the tissue, the anchor was pushed towards the mitral valve annulus. When released inside the tissue, the anchor arms were deployed; the anchor then firmly grasped the surrounding tissue, as expected. This experiment was performed at a room temperature of 21 C. The anchor is shown in Fig. 11 in its unconstrained state (Fig. 11(a) ), inside the tube (Fig. 11(b) ), and inside the tissue (Fig. 11(c) ).
Limitations and Future Work.
As can be seen in Fig. 3 , Auricchio's constitutive relation for super-elastic materials is a piecewise-linear model which cannot accurately predict the nonlinear behavior of Nitinol, especially during the phase transformations. Since the state of the maximum stress point of the anchor is around the martensite transformation, the material model used by ANSYS contains high errors in the FEA. Moreover, the full anchor is not modeled and the boundary conditions of the anchor are simplified in the FEA. Especially, the contact between needle and anchor is not considered, which may increase the stress value at the contact points. More accurate FEA will be conducted in order to validate the results of the simulation runs, in order to precisely predict the stress values along the anchor.
Conclusions
The shape optimization of a super-elastic anchor, designed for a percutaneous mitral valve procedure, is reported here. The maximum von Mises stress in the structurally optimum shape was reduced by 14.7% of the corresponding value in the anchor with the original shape; its strain counterpart was reduced by 13.3%. A simple pulling test on the fabricated anchor inserted into the mitral annulus confirms that the anchor can properly grasp the tissue and resist the pulling forces required to reduce the mitral valve lumen. However, the complication of pushing the stressed anchor within a curved catheter along with the fatigue failure of the anchor inserted in a beating heart should be considered before any in vivo test is conducted.
The optimization method can be applied to other surgical implants that work under failure-prone conditions. In particular, the fatigue life of Nitinol implants such as cardiovascular stents, stent-grafts, and the hip and shoulder anchors, which work under cyclic mechanical loading, may be optimized using the shape synthesis algorithm proposed here. It should be mentioned that the Nitinol fatigue fracture, unlike common engineering materials such as steel, is strain-based not stress-based. The oscillating strain amplitude is the main contributor to the Nitinol fatigue [26, 27] . The main objective of the optimization process, in this case, is to minimize the amplitude of the oscillating strain during a loading cycle. To this end, two FEAs, one at the zenith and one at the nadir of the loading cycle, should be conducted at each step and the difference of the von Mises strains at each node should be used to define the weight coefficients at the spline SPs.
